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ABSTRACT 

The Cygnus Loop is interacting with a protrusion of the cavity wall in its eastern 
edge (the XA region), where the X-ray emission is very bright. The complexity of the 
environment and the non-linear physical processes of the shock-cloud interaction make 
the origin of the X-ray emission still not well understood. Our purpose is to understand 
the physical origin of the X-ray emission in the XA region, addressing, in particular, the 
role of thermal conduction in the interaction process. We analyzed two XMM-Newton 
data sets, performing image analysis and spatially resolved spectral analysis on a set 
of homogeneous regions. We applied a recently developed diagnostic tool to compare 
spectral analysis results with predictions of theoretical models, and to estimate the 
efficiency of thermal conduction on the X-ray emitting shocked plasma. We found that 
the inhomogeneous cavity wall contains both large clumps (the protrusion) and small 
isolated clumps with different densities. A large indentation bent over to the south 
is detected. The abundance of the surrounding ISM is ^ 0.2 times solar value. We 
confirmed the important role of thermal conduction in the evolution of X-ray emitting 
plasma during shock-cloud interaction. 



Key words: ISM: individual: Cygnus Loop, G74. 0—8.5 
nova remnants - X-rays: ISM. 



ISM: clouds - ISM: super- 



1 INTRODUCTION 

The Cygnus Loop is considered to be a proto-typical evolved 
supernova remnant (SNR). Located at a distance of 540130" 
pc (Blair & Sankrit 2005), the remnant can be studied with 
high spatial resolution. Its surface brightness is also high, 
which enables us to attain high signal-to-noise ratio obser- 
vations. The Cygnus Loop is therefore a great laboratory to 
study the evolution of a SNR at different scales. 

The X-ray emission of the Cygnus Loop is limb- 
brightened and clumpy, which is thought to be the result 
of a recent interaction with an inhomogeneous cavity wall 
(Levenson et al. 1997, Levenson et al. 1999). Several X-ray 
bright features in the edge of the remnant were studied, 
in the framework of the scenario of shock-cloud interaction 
(Miyata & Tsunemi 2001, Levenson et al. 2002, Levenson 
& Graham 2005, and Patnaude et al. 2002). However, the 
issue of the origin of the hot plasma contributing to the X- 
ray emission in these regions was not addressed in detail 
yet. One of the difficulty is to take into proper account typi- 
cal non-linear physical processes occurring in these systems, 
such as radiative losses and thermal conduction. 

To better understand the origin of the X-ray emission. 



a detailed model that could be accurately compared with 
the observation is required. Miceli et al. (2006) studied an 
isolated X-ray knot in the Vela SNR (Vela FilD) by di- 
rectly comparing models with observations. They built up a 
set of hydrodynamic simulations of shock-cloud interaction 
including thermal conduction and radiative cooling effects. 
The model setups were determined taking account of the 
earlier analysis of the X-ray data (Miceli et al. 2005). They 
synthesized the X-ray emission (maps and spectra) from the 
models, and compared it directly with the observation for 
the first time. In this way, a self consistent picture of the hot 
X-ray emitting plasma was derived, and the importance of 
thermal conduction was confirmed in this case. 

Orlando et al. (2005) and Orlando et al. (2006) exam- 
ined the shock-cloud interaction in different physical regimes 
by using a detailed hydrodynamic model, including thermal 
conduction and radiative losses, and synthesizing the rele- 
vant X-ray emission. Based on these works, Orlando et al. 
(2010) proposed a diagnostic tool to derive quickly the efli- 
ciency of thermal conduction from the results of the X-ray 
data analysis, without the need of running a time consum- 
ing ad-hoc hydrodynamical model. By using such advanced 
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Figure 1. EPIC count rate maps (MOS-equivalent) in tliree energy bands and median photon energy map. The count rate maps were 
produced by weighted averaging the MOSl, MOS2, and pn images in the soft (0.3-0.5 keV, upper-left panel), medium (0.5-1 keV, 
upper-right panel), and hard (1—12 keV, lower-left panel) bands. The maps were adaptively smoothed to a signal-to-noise ratio of 25. 
The peak values in the three maps are: 1.7x10"'^ cnt s~^ bin~^, 1.6xl0~^ cnt s~^ bin~^, and 2.1xl0~* cnt s"'^ bin~^, respectively. 
The dashed rectangular region in the soft band map indicates the extension of the strip (sec text). The median photon energy map 
(Jower-rigiit panel) was produced from a combination of the MOSl and MOS2 data in 0.3-2 keV band. The image was smoothed with 
a gaussian distribution with a = 8.5" , and the minimum number of counts per pixel is 4. The regions chosen for spectra extraction are 
indicated in red, while the dashed green circles indicate the background regions. The bin size of each image is 4". The white contour 
marks the 3cr confidence level of the X-ray emission in 0.3—2 keV band. 



method, the origin of X-rays in the Cygnus Loop can be 
investigated to derive a better understanding of the shock- 
cloud interaction. In this paper we apply this method to a 
still not well understood region of the Cygnus Loop, an out- 
standing interaction region named "XA" by Hester & Cox 
1986. Both bright X-ray emission and bright optical emis- 
sion are present in this region. The scenario of the blast 
wave interacting with a protrusion from the cavity wall was 
proposed to explain the properties of optical emission (Dan- 
forth et al. 2001, Hester & Cox 1986). The proposed scenario 
is entirely different from the case of interaction with an iso- 
lated cloud in the Vela SNR studied by Miceli et al. (2005, 
2006) : therefore, it is necessary to see whether thermal con- 
duction also plays an important role in this situation. We an- 
alyzed the XMM-Newton European photon imaging camera 



(EPIC) observations of the XA region to examine the phys- 
ical processes that account for the observed X-ray emission. 
The observations and results are described in §2 and §3. In 
§4, we discuss the interpretation and derive the character- 
istic parameters of shock-cloud interaction. The conclusions 
are summarized in §5. 



2 OBSERVATION AND DATA REDUCTION 

We here analyze XMM-Newton archive observations (IDs: 
0018141101 and 0018141301, PI: T. Gaetz). These two ob- 
servations were performed with the EPIC MOS and EPIC 
pn cameras m fuU frame mode, pointing at (20''57™21M7, 
31°00'10".5) (J2000). They were performed on 2 November 
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Table 1. Observational parameters 



MOSl 


MOS2 


pn 


texr^ (ks) 7.7/10.7 
filter medium 


7.5/10.7 
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4.1/4.4 
thinl 



" exposure time after screening of observations 
0018141101/0018141301. 
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Figure 2. X-ray count rate map in the 0.3-0.5 keV band (the 
same as in Fig. [TJi) , with 25 lira contours derived from IRIS data 
superimposed. The contour levels are from 2.125 MJy sr~^ to 
2.125 MJy sr-l in step of 0.053 MJy sr'^ . The effective resolu- 
tion of the IRIS 25 /^m data is ~ 3'. 8. The dashed rectangular 
region is the same as in Fig. [iji. 

2002 and 12 November 2002, respectively. The EPIC cam- 
eras offer a spectral resolution E/ /S.E ~ 20-50 in the energy 
range from 0.15 to 15 keV. The field of view (FoV) is ~ 30', 
and the angular resolution is 6" FWHM. The main informa- 
tion about the data are listed in Table [T] 

All data were processed using the Science Analysis Sys- 
tem (SAS) V9.0.0. The original events files were screened fol- 
lowing the method suggested by Snowden & Kuntz (2007), 
and we performed the correction of vignetting effects by us- 
ing the task EVIGWEIGHT (Arnaud et al. 2001). The PAT- 
TERN and FLAG values were set to zero. 



3 RESULTS 

3.1 X-ray morphology 

The count rate maps in the 0.3-0.5 keV, 0.5-1 keV, and 1- 
12 keV bands shown in Fig. [T] are weighted averages of the 
MOSl, MOS2, and pn images (MOS-equivalent, as in Miceh 
et al. 2005). In the western side the emission is confined by 
a clear curved border (indicated by the white contour in 
Fig- [Hi well visible in all the three bands, which could be 



considered as the edge of the remnant. The soft band im- 
age is mainly characterized by several clumpy features and a 
bright long strip extending from the center of the FoV to the 
southwest. Fig. [2] shows the Infrared Astronomical Satellite 
(IRAS) contours at 25 //m wavelength from Improved Re- 
processing of the IRAS Survey (IRIS; Miville-Deschenes & 
Lagache 2005) superimposed onto the X-ray image in the 
0.3-0.5 keV band. An enhancement of the mid-IR emission 
is well correlated with the X-ray strip (see dotted box in 
Fig. [2]). In the X-ray medium band (Fig.[T}3), the emission is 
more extended, and mainly distributed behind the soft band 
clumps, while the hard band emission (Fig. [TJ:) is more dif- 
fuse and farther from the border of the shell. A large bright 
region is visible to the northwest in all of the three band 
images. 

A high resolution median photon energy (E) map was 
produced from the MOSl and M0S2 event files in the 0.3-2 
keV band (Fig. [T}i). The bin size is 4", and the minimum 
number of counts per pixel is 4. The map was smoothed 
with a gaussian distribution with a — 8.5". A noteworthy 
structure is the central low E region corresponding to the 
"dense finger" protruding from the cavity wall observed in 
the optical bands (Danforth et al. 2001). Moreover, a strip 
protruding from the tip of the "dense finger" to the south- 
west is found, which corresponds to the X-ray strip in the 
0.3-0.5 keV band (see Fig. ^. 

Four couples of regions were chosen for spectra extrac- 
tion; each couple includes a soft band bright knot and the 
diffuse region (in the medium band) immediately behind it 
(regions 1-2, 3-4, 5-6, and 7-8 in Fig. [TJi). In addition, a re- 
gion to the northwest was also selected (region 9). The me- 
dian photon energy map is a good indicator of the spectral 
distribution (Hong et al. 2004). Therefore, the regions were 
also selected as homogeneous as possible in the E map to 
avoid large spread of spectral properties. The spectra from 
the regions surrounding shocked clouds are sensitive to the 
physical state of the interaction (Miceli et al. 2006) and Or- 
lando et al. (2010) found that the spectral analysis of regions 
selected in the this way is an efficient diagnostic tool to in- 
vestigate the role of thermal conduction (see Sect. 14.2"]) . 

The relationship between the median photon energy 
and the count rate (R) is critically inffuenced by differ- 
ent physical processes such as thermal conduction in the 
shock-cloud interaction and can provide important informa- 
tion (Orlando et al. 2010). In this framework, we derived 
the E versus R scatter plots for each of the four couples of 
regions (Fig. [J]). To produce these plots, the range of R was 
divided into 100 channels equispaced on linear scale. Then, 
we derived the E by averaging the median photon energy in 
all the pixels (in the selected regions) with count rate inside 
a given channel. The points above ~ 1.2x 10"'' cnt s~^ bin~^ 
for all the couples of regions, except regions 3&4, show a uni- 
form descending trend. The descending slopes are very fiat 
in regions 1&2 and 5&6, and steeper in region 7&8 where a 
plateau is also present above ~ 1.8x10^'^ cnt s^^ bin~^. The 
ascending trend of E vs R in regions 3&4 suggests that the 
nature of the X-ray emission in these two regions is somehow 
different from the other regions. 
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Figure 3. Median plioton energy {E) versus count rate (i?) plot 
for the regions defined in Fig. [TJi. Linear fittings were performed 
on the point sets above f.2xf0~^ cnts s~^ (also below f.8xl0~^ 
cnts s"'^ for region 7&8). The corresponding best-fit slopes are 
shown in each figure. 



3.2 Spectral analysis 

The XMM-Newton data enabled us to perform the spec- 
tral analysis with good spatial resolution. The spectra were 
extracted from the regions defined in §3.1. The MOS and 
pn spectra of the two observations were fitted simultane- 
ously, and a free parameter was multiplied to each spectra 
to account for the residual discrepancy of extraction area 
for different instruments, which was tied for the two ob- 
servations. We further applied a gain fit to the pn spectra 
in some regions, in which the residuals between the data 
and the best fit models fluctuate notably around the strong 
emission lines. 

We grouped the spectra to have at least 25 counts per 
bin, then we fitted them by using XSPEC V12.5.1. To model 
the spectra, two thermal components are required: a hot- 
ter component in non-equilibrium of ionization (NEI) and a 
cooler component in collisional ionization equilibrium (CIE). 
The models VNEI (Borkowski et al. 2001) and VMEKAL 
(Mewe et al. 1985, 1986; Liedahl et al. 1995), modified by the 
interstellar absorption model WABS (Morrison & McCam- 
mon 1983), were applied here for all spectra. We verified that 
other combinations with less free parameters (VMEKAL 
only, VNEI only, or two VMEKAL models) do not give a 
satisfactory description of the spectra. At first, we set the 
A'^H fi'ee, but in some regions its best fit values are consistent 
with zero and with very large error bars, but the values in 

which is 
k Tsunemi 

2001). So we fixed the Nh to 9x10^° cm"^ in all the regions. 



the other regions are consistent with 9x10 cm 
typical in this part of the Cygnus Loop (Miyata 



We set the abundances of C and N equal to that of O, and 
left these abundances free to vary for the cold component. 
As for the hot component, the conjunct abundances of C, 
N, and O, were found to be consistent with the solar values 
in all regions except regions 4 and 9, so we fixed them to the 
solar values. However, in regions 4 and 9, we left the CNO 
abundance of the hot component free to properly model the 
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Figure 4. MOS (Jower) and pn (upper) spectra extracted from 
region 1 ( upper panel) and region 9 ( Jower panel) with the corre- 
sponding best fit model and residuals. The individual components 
are shown in dashed black lines for MOSl spectrum of observa- 
tion 0018141101 only. The visible emission lines are labeled (O: 
0.51-0.7 keV, Fe: ~ 0.8 keV, Ne: ~ 0.9 keV, and Mg: 1.4 keV). 



spectra. The fittings were not improved significantly (ac- 
cording to the F-test) by adding an extra component to the 
model or leaving more parameters free. The fitting results 
are summarized in Table [5] The representative spectra ex- 
tracted from region 1 and 9 are shown in Fig. |4] 

As shown in Table [2] the CNO abundances of the cooler 
component are considerably lower than solar values. A sim- 
ilar result was found in other regions near the edge of the 
Cygnus Loop (Leahy 2004, Levenson & Graham 2005, Kat- 
suda et al. 2008a, Miyata et al. 2007, and Tsunemi et al. 
2008). The origin of the subsolar values of the abundances 
around the remnant is still controversial, and it may be re- 
lated either to metal depletion on to ISM dust grains (Van- 
cura et al. 1994) or to local peculiar abundances. We found 
that the CNO abundance of the hotter component in regions 
4 and 9 is significantly larger than solar, which is consistent 
with an ejecta origin. This confirms the different nature of 
the X-ray emission in these regions, as expected from the 
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Table 2. Spectral-fit parameters. The A'^h parameters are fixed to 9x10^" cm~^. The errors are at 90% confidence levels. 
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given by 47rEM/0, where EM is the emission measure and is the solid angle subtended by each region. 
]he conjunct abundances of C, 
Zq and 1.9^g-2 Zq, respectively. 



^ the conjunct abundances of C, N, and O of NEI component are free here, and the best-fit values of regions 4 and 9 are 2.2+0-g 



peculiar E vs R trend shown in the previous section. Con- 
sidering the presence of other emission lines, we also tried 
to set the Ne, Mg, and Fe abundances free, but the fittings 
were barely improved. 

The temperature of the CIE component is the highest 
in region 9, while it is almost uniform in the other regions. 
The temperatures of NEI component are almost the same 
in different regions, except for the regions 4 and 9 where the 
temperatures are higher than the others. 



4 DISCUSSION 

4.1 Global properties of the X-ray emitting 
plasma 

The patchy morphology of the soft band X-ray emission 
(see Fig. [1^) and the filaments observed in the optical band 
(Danforth et al. 2001) strongly indicate that in the XA re- 
gion the blast wave of the Cygnus Loop is encountering a 
large scale inhomogeneity of the ISM. In such interacting re- 
gion, the X-ray emitting plasma can be typically described 
with two thermal components associated with two phases of 
ISM swept up by the shock, as shown in theoretical models 
(Miceh et al. 2006, Orlando et al. 2006, 2010). In this sce- 
nario, the two temperature components found in our spec- 
tral analysis probably indicate two thermal phases of ISM: 
i) the shocked dense cloud material and ii) the surround- 
ing corona. Analogous features were also reported in the 
Vela SNR observed with ROSAT (Bocchino et al. 1999) and 
XMM-NewtoD (Miceli et al. 2005), and in several regions 
of the Cygnus Loop (Levenson et al. 2002, Katsuda et al. 
2008a, Miyata et al. 2007, and Uchida et al. 2008). 

The extension of the line of sight (L) through the nearly 
spherical remnant (with a radius of ~ 84'. 5) at the location 
of each region could be approximated as the length of the 
chord there. Then the electron density of the i-th compo- 
nent can be derived considering Li = L x fi, where fi is 
the filling factor. Under the assumption of pressure equilib- 
rium between the two components, the filling factor can be 



Table 3. Derived parameters for each region. 
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the elapsed time of interaction, derived by r/n2 where r is 
the ionization time scale of the hot component. 

estimated as /i = ^f^!j!| + 1^ and /2 = 1 — fi (see 

Bocchino et al. 1999). From the ionization time scale and 
the density of the hot component, we also derived the time 
elapsed after the interaction with the shock, tint. The results 
of filling factors, densities, and tint (with corresponding un- 
certainties) are listed in Table [3] 

Since the filling factors of the low temperature com- 
ponent are predominant in all the regions, the dense cloud 
material always fills most of the volume. The filling factors 
and the densities of the cold components are always higher 
in the knot regions than in the corresponding diffuse re- 
gions, and this confirms the inhomogeneities of the ISM and 
indicates that the knot regions mostly subtend the shocked 
cloud material. 

The tint is longer in the diffuse regions than in the corre- 
sponding knot regions, and this is consistent with the direc- 
tion of propagation of the blast wave, though uncertainties 
are large. In regions 5, 7, and 8, the hot component seems 
close to ionization equilibrium, and tint would be maybe too 
long considering the Cygnus Loop age. The discrepancy may 
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be caused by mistaking the extension along the LoS. As an 
example, in region 8, if we assume the extension along the 
LoS to be equal to the size of the region in the plane of 
the sky, we obtain more reasonable values {tint > 3000 yr), 
while the densities become larger (ni=27t5, n2=10.7±0.3). 
So the shocked cloud in regions 7 and 8 is probably a small, 
compact isolated knot which is much denser than the others. 
The case could be similar in region 5. 

As explained in Sect. 13.21 the low temperature compo- 
nent can be associated with the shocked ISM, because of its 
characteristic low abundances. The densities of the X-ray 
emitting shocked clouds (i. e. ni in Table [21) are comparable 
with that obtained in other cloud-shock interaction regions 
in the Cygnus Loop; for example, in the northeastern limb 
n =1.6-4 cm~'^ (Miyata et al. 2007, the densities of the high 
temperature component are 1-2 cm~'^ there), in the south- 
western region n =0.5-1 cm~'^ (Patnaude et al. 2002), and in 
the western limb the pre-shock cloud density is 5 cm~"^ (Lev- 
enson et al. 2002). The densities of FilD, a shocked cloud in 
the Vela SNR, were found to be 0.32-5 cm~"^ for the cloud 
core and 0.14-5 cm~'^ for the corona (Miceli et al. 2005). 

The overabundances revealed in the hot components in 
region 4 and region 9 are consistent with an ejecta origin, 
and their temperatures are higher than that of the shocked 
ISM derived in the other regions. Both region 4 and region 
9 are bright in the hard band emission. In region 4, a bright 
knot is visible in the hard band map (Fig.[T};), and this may 
indicate a fragment or protrusion in the ejecta. In region 
9, the temperature of the cooler component is higher than 
that in the other regions, and this is consistent with its lower 
density. The region is located inside the remnant, where the 
ejecta is likely to be prominent (< 0.85 Rshock, Tsunemi 
et al. 2007, Katsuda et al. 2008b). Indeed, in the large X- 
ray bright region to the northwest of our FoV (containing 
region 9) there is also the contribution of some edge-on sheet 
of shocked ISM (Raymond et al. 1988, Blair et al. 1991), so 
the X-ray emission in this region is probably associated both 
with the hot ejecta and the shocked ISM. 

The long strip ("finger") that we detected in the soft 
band (Fig. [1^) and in the median photon energy maps 
(Fig. [TJa) is likely an extension of the very dense small 
protrusion observed in the optical band by Danforth et al. 
(2001). The densities of the cold component in regions 5&6 
(corresponding to this finger) are high, and this may also be 
related to the enhancement of 25 /im mid-infrared emission 
(Fig. [2]). However, no optical emission from the finger has 
been detected, thus suggesting that it does not correspond 
to the densest core of the XA region. The presence of the fin- 
ger indicates that the protrusion in the cavity wall is much 
larger than what was thought before. 

4.2 The role of thermal conduction 

To examine the role of thermal conduction in the shock- 
cloud interaction, we applied the method proposed by Or- 
lando et al. (2010). By adopting this method, we can per- 
form a direct and quick comparison between the observa- 
tions and the results of the numerical model of shock-cloud 
interaction, without the need to run ad-hoc (and time- 
consuming) MHD simulations. In particular, we adopt a 
robust criterion that consists in comparing the tempera- 
ture and the emission measure per unit area of the cold 
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Figure 5. The figure is the same as Fig. 7 in Orlando et al. (2010), 
but we added (in black) the points with the values derived from 
the analysis of the EPIC observation of the XA region in the 
Cygnus Loop, by comparing the temperatures and the emission 
measures per unit area of the cold component derived for the 
knots and the corresponding difi'use regions. The blue stars are 
derived from the theoretical model without thermal conduction, 
the red crosses are derived from the model with thermal conduc- 
tion. 



component derived from the knot (TcoW [knot] , emcow [knot] ) 
to that derived from the corresponding diffuse regions 
(Tcoid [diffuse] , emcoid [diffuse] ) . Our results are shown in 
Fig. [5] Orlando et al. (2010) showed that when thermal con- 
duction is at work, we expect Tcoid [diffuse] /Tcow [knot] > 1 
and emcoid [diffuse] /emcoid [knot] < 0.5. As shown in Fig. [5l 
we found that thermal conduction is efficient in all the 
shock-cloud interaction regions. Because of the presence of 
ejecta in regions 3&4, we can not draw a conclusion there. 
In regions 5 and 6, that are at a relatively large distance 
from the border of the shell, we expect the emission to be 
contaminated by the contribution of multiple components 
along the LoS. This may be the reason of the high value 
enicoid [diffuse] /emcoid [knot] for these two regions. However, 
considering the error bars, all regions are consistent with 
a scenario where the contribution of thermal conduction is 
relevant. 

Orlando et al. (2010) also showed that the slope of the 
E vs R plot can provide important information on the effi- 
ciency of thermal conduction and on the physical properties 
of the shock and the cloud. We presented these plots for 
our spectral regions in Fig. [31 We found that the steepest 
descending trend of the (E) vs R plots (in regions 7&8) is 
about two times flatter than that predicted by the theoreti- 
cal model without thermal conduction (as shown in Fig. 6 in 
Orlando et al. 2010). Such flat descending trends are instead 
consistent with the shock-cloud interaction with prominent 
thermal conduction. As shown in Orlando et al. 2010, the 
E vs R slope is sensitive to the shock Mach number, and 
the flatter trends in regions 1&2 and 5&6 probably indicate 
higher Mach numbers. In regions 7&8, the steeper descend- 
ing trend and the cold plateau provide convincing evidences 
for less efficient thermal conduction. This could be caused 
by slow shocks, presence of magnetic fields, or both. Con- 
sidering that the magnetic field scale-length should be much 
larger than the distance between our regions, we do not ex- 
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pect large variations of the magnetic field and we conclude 
that a slow shock in regions 7&8 may be more reasonably 
account for the steeper trend of the E vs R plot. The ascend- 
ing trend in regions 3&4 is not predicted in the theoretical 
models of shock-cloud interaction by Orlando et al. (2010). 
The ejecta origin of the X-ray emission in region 4 could be 
the reason of such ascending trend, but further investigation 
is needed to confirm this. 



5 SUMMARY 

The XMM-Newton observations toward the XA region in the 
Cygnus Loop reveal several clumps interacting with the pri- 
mary blast wave. Like other shock-cloud interaction regions, 
the spectra can be modeled with two thermal components, 
associated with the shocked cloud material and the cloud 
corona, respectively. We applied the diagnostic method pro- 
posed by Orlando et al. (2010) to investigate the physical 
process involved in the shock-cloud interaction. The primary 
results are: 

1. the ISM around the XA region is dense and clumpy and 
the shocked cloud material occupies ^ 90% of the volume 
behind the SNR shock front; the derived post-shock densities 
are in the range 3-11 cm~^ for the low temperature compo- 
nent (associated with the cloud core) and 0.9-3.0 cm~^ for 
the high temperature component (associated with the cloud 
corona) . 

2. the joint abundances of C, N, and O in the ISM are 
found to be lower than solar (~ 0.2 times the solar value), 
as in other parts of the Cygnus Loop; 

3. a long "finger" (~ 1.6 pc) protruding from the cavity 
wall is detected; 

4. thermal conduction is prominent in all the regions, and 
affects both the spatial distribution of the X-ray emission 
and its spectral properties; 

5. we detected the presence of ejecta and of a small ejecta 
shrapnel /protrusion. 



Levenson, N. A., Graham, J. R., & Julie, L. W. 2002, ApJ, 576, 
798 

Levenson, N. A., Graham, J. R., & Snowden, S. L. 1999, ApJ, 
526, 874 

Levenson, N. A., et al. 1997, ApJ, 484, 304 

Liedahl, D. A., Osterheld, A. L., & Goldstein, W. H. 1995, ApJ, 
438, L115 

Katsuda, S., Tsunami, H., Uchida, H., Miyata, E., & Nemes, N. 

2008a, PASJ, 60, S115 
Katsuda, S., Tsunemi, H., Miyata, E., Mori, K., Namiki, M., 

Nemes, N., & Miller, E. D. 2008b, PASJ, 60, S107 
Mewe, R., Lemen, J. R., & van den Oord, G. H. J. 1986, A&AS, 

65, 511 

Mewe, R., Gronenschild, E. H. B. M., & van den Oord, G. H. J. 

1985, A&AS, 62, 197 
Miceh, M., Reale, F., Orlando, S., & Bocchino, F. 2006, A&A, 

458, 213 

Miceh, M., Bocchino, F., Maggio, A., & Reale, F. 2005, A&A, 
442, 513 

Miville-Deschenes, M.-A., & Lagache, G. 2005, ApJS, 157,302 
Miyata, E., Katsuda, S., & Tsunemi, H. 2007, PASJ, 59, S163 
Miyata, E., & Tsunemi, H. 2001, ApJ, 552, 624 
Morrison, R., & McCammon, D. 1983, ApJ, 270, 119 
Orlando, S., Bocchino, F., Miceh, M., et al. 2010, ArXiv e-prints 
Orlando, S., Bocchino, F., Peres, G., Reale, F., Plewa, T., & Ros- 

ner, R. 2006, A&A, 457, 545 
Orlando, S., Peres, G., Reale, F., Bocchino, F., Rosner, R., Plewa, 

T., & Siegel, A. 2005, A&A, 444, 505 
Patnaude, D. J., Fesen, R. A., Raymond, J. C., Levenson, N. A., 

Graham, J. R., & Wallace, D. J. 2002, AJ, 124,2118 
Raymond, J. C., Hester, J. J., Cox, D., Blair, W. P., Fesen, R. 

A., & GuU, T. R., 1988, ApJ, 324, 869 
Snowden, S., & Kuntz, K. 2007, XMM-Newton ESAS manual, 

ftp: / / xmm.esac. esa. int / pub /xmm-esas / xmm-osas . pdf 
Tsunemi, H., Katsuda, S., Nemes, N., & Miller, E. D. 2007, ApJ, 

671, 1717 

Tsunemi, H., Kimura, M., Uchida, H., Mori, K., & Katsuda, S. 

2008, larXiv:0810."5209ll 
Uchida, H., Tsunemi, H., Katsuda, S., & Kimurar, M. 2008, ApJ, 

688, 1102 

Vancura, O., Raymond, J. C., Dwek, E., Blair, W. P., Long, K. 
S., & Foster, S. 1994, ApJ, 431, 188 



ACKNOWLEDGMENTS 

XZ would like to thank the friendly atmosphere at Osserva- 
torio Astronomico di Palermo. This work is partially sup- 
ported by NSFC grants 10725312 and 10673003 and the 
China 973 Program grant 2009CB824800. 



REFERENCES 

Arnaud, M., Neumann, D. M., & Aghanim, N., et al. 2001, A&A, 
365, L80 

Blair, W. P., et al. 1991, ApJ, 379, L33 
Blair, W. P., & Sankrit, R. 2005, AJ, 129, 2268 
Bocchino, F., Maggio, A., & Sciortino, S. 1999, A&A, 342, 839 
Borkowski, K. J., Lyerly, W. J., & Reynolds, S. P. 2001, ApJ, 
548, 820 

Danforth, C. W., Blair, W. P., & Raymond, J. C. 2001, AJ, 122, 
938 

Hester, J. J., & Cox, D. P. 1986, ApJ, 300, 675 

Hong, J., Schlegel, E. M., & Grindlay, J. E. 2004, ApJ, 614, 508 

Leahy, D. A. 2004, MNRAS, 351, 385 

Levenson, N. A., & Graham, J. R. 2005, ApJ, 622, 366 



